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1.0  INTRODUCTION 

 

 The recently completed research program at the Air Force Research Laboratory, Edwards 

AFB Site, had as its goals for the component dealing with solid-gas generation of singlet delta 

oxygen: a) construction of a Raman diagnostic system for the simultaneous measurement of 

excited and ground state oxygen in gas-solid reactions between solid peroxides and hydrogen 

halides or chlorine gas, b) exploration of alternate singlet delta oxygen sources, and c) technical 

chemistry support to a parallel engineering effort at Boeing.   The following paragraphs 

summarize the results which were obtained during this program and a second volume will cover 

the results for polynitrogen research.  The appendices 2-4 contain copies of a recently awarded 

U.S. patent for the chemical generation of singlet delta oxygen, an article in the AFRL 

Technology Horizons magazine, and a journal article from Angewandte Chemie International 

Edition, respectively.  All of the published work was done under DARPA sponsorship.   

 

                                             

 

2.0  REACTION CHEMISTRY 

 

 We have identified two previously unreported gas-solid reactions which produce 1∆O2 

without any external heat, light, or electrical input: 

     

        NaOONa(s) + 2 HCl(g)     2 NaCl(s) +  H2O(g) +  ½ 1∆O2               (1) 

 

        NaOONa(s)  + Cl2(g)  2 NaCl(s)  +  1∆O2                                          (2) 

 

Reactions (1) and (2), shown as ideal, balanced equations, were discovered under this DARPA 

program.   However, the actual mechanisms which lead to the simultaneous production of ground 

state and singlet delta oxygen are more complex.  Replacement of HCl by HBr and of Na2O2 by 

Li2O2  and BaO2 in Equation (1) also produced  1∆O2. Deuterated halide gases were also 

successful in generating 1∆O2 that was detected by direct emission from the 1∆  3Σ  transition 

at 1.27 microns. 
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 Our investigation of the basic chemistry of these gas-solid reactions was not exhaustive 

but some generalities have emerged which can be correlated with  spectroscopic experiments 

conducted in parallel.  Over thirty material balances were determined by adding weighed 

amounts of solid sodium peroxide to ampoules contained in a nitrogen atmosphere dry box.   The 

ampoules which were equipped with Teflon stopcocks were then connected to a vacuum line that 

permitted the precise addition of hydrogen chloride or chlorine gas. After the gas-solid reactions 

were complete, the residual solids were weighed and the liberated oxygen and unreacted HCl or 

Cl2 were measured.  Powdered samples as well as whole and ground beads of sodium peroxide 

were used.  Infrared analysis of the powder and ground bead samples revealed no differences.  

Table 1 summarizes these material balance experiments and Equations (1) and (2) were used for 

stoichiometry calculations. The total oxygen yields reported in column 2 of Table 1 are based 

upon the appropriate limiting reagent in each case. The amount of water (5 weight % or less) 

included with the reagents was in the form of water vapor added to the sodium peroxide on the 

vacuum line.  

 

Table 1.  Material Balance Results 

       REAGENTS                         TOTAL OXYGEN YIELD     COMMENTS 

Na2O2 beads/HCl/H2O                              no reaction                   Excess HCL 
Na2O2 beads/HCl/H2O                              no reaction                   Excess Na2O2 
Na2O2 beads/HCl                                      no reaction                   Stoichiometric reagents 
 
Na2O2 powder/HCl/H2O                           59%                             Excess HCl 
Na2O2 powder/HCl/H2O                           65%                             Stoichiometric 
Na2O2 powder/HCl/H2O                           92%                             Excess Na2O2 
 
Na2O2 beads/Cl2/H2O                               14%                              Excess Cl2  
 

 

The first two and the last entries of Table 1 show a major difference between the HCl and Cl2 

reactions with  Na2O2 beads after water pretreatment. The beads were unreactive toward HCl 

regardless of excess reagent but they were slightly reactive with excess chlorine.  Reactions of 

HCl with sodium peroxide powder which was pretreated with water showed an increase in 

oxygen yield as the conditions shifted from excess HCl to excess peroxide.  The HCl reactions 



 3

with excess Na2O2 were markedly more complete with nearly theoretical total oxygen yields 

being obtained.  All listed percentages are averages from several experiments.  Dry Na2O2  

powder was unreactive toward HCl and at least trace quantities of moisture were found to be 

essential for reactivity. These observations are useful in interpreting the results obtained in 

parallel spectroscopic experiments involving Na2O2 reacting with HCl or Cl2 as described below.  

 

3.0  SPECTROSCOPY: EXPERIMENTAL DETAILS 

 

         Although direct emission from the forbidden 1∆ to 3Σ ground state transition is highly 

forbidden, this emission was readily observed at 1.27 microns during HCl, DCl, HBr, or DBr 

reactions with Na2O2, Li2O2, or BaO2 and Cl2-Na2O2 reactions with the use of a 0.3 meter focal 

length spectrograph with a 1 inch, 512 element (50x500 µm pixels) linear InGaAs photodiode 

array at the exit plane. The grating of the spectrograph had a groove density of 600 grooves/mm 

and it was blazed at 1 µm.  The spectrograph dispersion was roughly 5 nm/mm and the typical 

range of data acquisition was from 1.20 to 1.34 microns. The array detector is responsive from 

0.8 to 1.7 µm with a nearly flat quantum efficiency of 80% from 1.0 to 1.5 microns and an 

electronic gain of 1 A-to-D count/65 photoelectrons.  This spectrograph-array detector 

combination is referred to as an optical multichannel analyzer (OMA). 

 

           Raman spectra were measured with a frequency doubled, Nd-YLF pulsed laser (30 

mJ/pulse at 527 nm and 250 ns FWHM) as the source and an OMA detection system that 

consisted of a high throughput spectrometer and a 1024x256 pixel (26x26 µm) gated, intensified 

array.  The array was configured in a one dimensional 1024x1 fashion by binning each column 

of 256 pixels in the vertical direction into single super pixels with software.  The detector had a 

40% quantum efficiency and the intensified array had an overall sensitivity of 1 A-to-D 

count/photoelectron.  The laser was triggered from a master clock at 3 KHz and the detector 

intensification and gating were synchronized to this master.  The schematic in Figure 1 shows the 

overall arrangement of both the IR emission and gated Raman detection systems.  Data 

acquisition was initiated for both OMA systems by simultaneous computer keyboard strokes for 

experiments involving time-correlated IR emission and Raman detection. 
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Figure 1.  Spectroscopy: Hardware Arrangement 

  

 

4.0  HCl-Na2O2 REACTION RESULTS SUMMARY 

 

 A joint AFRL-Boeing experiment conducted at EAFB produced no observable 1∆O2 

infrared signature at 1.27 microns when Na2O2 beads were exposed to HCl under static 

conditions. The behavior of powdered peroxide, however, was different. It depended upon the 

cell geometry which directly influences the access of HCl to solid peroxide in accordance with 

lines 4-6 in Table 1.  The small cell ( Figure 2, ~3 cm3 volume) used originally at EAFB  to 

observe 1∆O2 emission offers only restricted access of HCl to solid Na2O2 and this results in 

excess Na2O2 conditions. This cell was used to demonstrate 1∆O2 emission from powdered 

Na2O2 beads in the joint AFRL-Boeing experiment. When pressurized to 700 torr with HCl, 

large volume cells exceeding 150 cm3 provide an excess of HCl to a typical sample of ca. 2 

mmole Na2O2.  These reaction conditions typically liberate a large blackbody IR background and 

a lot of heat from exothermic chemical reactions, O2 amounts less than theoretical (see Table 1), 
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and no detectable 1∆O2 emission in a static system.  (These results seem analogous to those 

observed at Boeing for a flow system.  Of course, a lack of detectable 1∆O2  emission could also 

be due to significant 1∆O2 production accompanied by severe quenching and an overwhelming 

blackbody emission. Boeing was able to completely convert Na2O2 samples in a flow system.)  

The spectroscopic cell (Figure 3) used at AFRL in static experiments for the simultaneous 

detection of 1∆O2 by Raman scattering and IR emission would also qualify as a large volume 

cell.  A dominant IR blackbody emission was generated using this cell and 1∆O2 was not 

observed in emission or in Raman scattering experiments.   

 

 

 
Figure 2.  Original Reaction Cell 

 

 The combined results of material balance and spectroscopic experiments are consistent 

with Scheme 1 for an HCl-Na2O2 reaction that has two major reaction channels with braching 

ratios that depend upon whether HCl or Na2O2 is the excess reagent: 

 

Scheme 1: 

NaOONa(s) +  HCl (g)     NaOOH +  NaCl Step 1 

NaOOH +  HCl  HOOH  + NaCl  NaCl + H2O + ½ 3ΣO2 Step 2 

HOOH (from Step 2) + 2HCl  2H2O + Cl2 Step 3 

NaOOH + Cl2  [NaOOCl] + HCl  NaCl + HCl + 1∆O2 Step 4 

Gas inlet

To IR 
OMA 

Na2O2 
Powder
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Figure 3.  Large Volume Spectroscopic Cell 

 

 Under excess HCl conditions the exothermic acid-base reactions in Steps 1 and 2 convert 

NaOONa to H2O2 which undergoes thermal decomposition to 3Σ ground state oxygen.  Under 

excess NaOONa conditions HCl conversion of the solid peroxide to HOOH is incomplete and 

much less heat is generated than in the case of excess HCl.  This allows the oxidation of HCl to 

Cl2 by HOOH in Step 3.  The reaction of NaOOH with Cl2 in Step 4 could produce the reactive 

intermediate NaOOCl that is capable of liberating 1∆O2.  This highly speculative but reasonable 
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mechanism for the HCl- Na2O2 reaction is consistent with the experimental observations briefly 

summarized above: the production of ground state oxygen and thermal energy at high HCl 

concentrations and the production of 1∆O2 with subsequent chemiluminescence at 1.27 microns 

rather than heat at lower HCl concentrations.  The limited duration of the research program 

prevented a detailed, conclusive investigation of the mechanism 

 

         A point of special interest is the lack of high quality, repeatable singlet delta oxygen 

signature data with Raman spectroscopy when the presence of 1∆O2 is confirmed by direct 

emission at 1.27 µm in static experiments.  This could arise from either a very low concentration 

of 1∆O2 production or a substantial production that is very efficiently deactivated by collisional 

and/or surface quenching. We therefore address the quantitative aspects of our ability to detect 

singlet oxygen and how this is affected by the gas phase quenching environment.  In Appendix 1 

the details are presented for the estimation of the concentration in molecules/cc of singlet delta 

oxygen, [1∆O2 ],  from a measured direct IR emission at 1.27 microns according to Equation 3. 

 

          [1∆O2 ] =  (Total IR counts) /( φe  x 1.0x10-7 cm3-counts/molecule)                                     (3) 

 

This relationship refers to a static experiment involving a single addition of  hydrogen halide gas 

to a solid peroxide sample.  Dividing the total integrated IR signal under the emission versus 

wavelength data record for the reaction period of a single HCl addition by the emission quantum 

yield, φe, and an experimentally determined apparatus constant yields the 1∆O2 concentration. 

The value of the apparatus constant was estimated by Boeing to be 1.8x10-7 based upon the 

optical collection efficiency, cell volume, and detection sensitivity of the AFRL hardware.  An 

experimentally observed value of 1.0x10-7 was obtained at EAFB by an independent calibration 

technique (see Appendix 1).  The emission quantum yield (the probability of emission) is the 

ratio of the quenching affected excited state lifetime (τ) and the natural (τo) radiative lifetime and 

its value is calculated according to Equation (4): 

 
                     φe=τ/τo=1/(kQτo)                                                                                 (4) 

where  kQ= Σ ki[i]= kO2 [O2] + kHCl [HCl] + kH2O[H2O]+ kO2*[O2*] +1/ τo       
and * denotes the 1∆ state of O2 . 
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The values of the individual 1∆O2 bimolecular quenching constants, ki, are available from the 

literature. Equations (3) and (4) explicitly account for the pressure dependence associated with 

the observed 1∆O2 emission signal.  This pressure dependence is necessitated by the nonradiative 

loss of excited state 1∆O2 population due to collisional quenching in the gas phase.  Substituting 

values for the bimolecular quenching constants in cc/molecule-sec and τo in sec: 

 

kQ = 1.5x10-18 [O2] + 4 x10-18 [HCl] + 4.0 x10-18[H2O] + 2x10-17[O2*] +1/2700            (5) 

 

The joint AFRL-Boeing experiment which has been documented by Boeing is used for 

illustration.  In this experiment approximately 300 mg of solid sodium peroxide was repeatedly 

exposed to HCl at a pressure of ca. 600-700 torr.  The sample reacted spontaneously with each 

HCl addition for ca. 120 seconds. During the course of each two minute reaction the pressure 

typically dropped by 50 torr in accordance with Equation (1) and the reaction cell was evacuated 

between runs.   At the beginning of each reaction the gaseous quenching environment presented 

to the nascent oxygen is entirely HCl (~600 torr) and Equation (5) can be approximated as: 

 

kQ ~ 4 x10-18[HCl] +1/2700 =(4x10-18 cc/molec-sec)(2 x1019molec/cc) + 3.7x10-4 sec-1 (6) 

kQ ~ 80 sec-1 

 

This gives a rough value of 5x10-6 for φe  that would obviously change over the course of the 

reaction as HCl is converted to H2O, O2, and 1∆O2 .  The total IR emission signal recorded 

during a typical reaction was 1.5x106 counts. Substituting these values in Equation (3) gives a 
1∆O2 concentration of 3x1018 molecules/cc. During a reaction the 600 torr of HCl is reduced by ~ 

50 torr and this corresponds to a total oxygen production of 2x1018 molecules/cc according to 

Equation (1).  This approximate calculation indicates  that the total oxygen production from 

Equation (1) is in the form of 1∆O2 (3 x1018  molecules/cc) and severe quenching efficiently 

converts it to ground state oxygen.  The published 1∆O2 quenching constants have a range of 

values and this calculation is solely intended to indicate that the yield of excited state O2 (1∆O2 

/total O2) during the HCl-Na2O2  reaction is more likely tens of percent rather than a fraction of a 

percent.   
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         The mechanistic complexity of the HCl-Na2O2  reaction is highlighted in Figure 4 where a 

reaction mixture shows a dark nucleus that is followed by the emission of orange- yellow light. 

This behavior is typical of reactions that involve the production of excited states and perhaps 

radical species. The misleading simplicity expressed in Equation (1) was further illustrated 

during an HCl-Na2O2 reaction that was monitored simultaneously for direct 1∆O2 emission and 

Raman scattering with the arrangement in Figure 1.   A cell design shown in Figure 5 was used 

in this case where a small gas-solid reaction region on the left is separated from a laser Raman 

scattering observation region by a teflon stopcock.  A 600 mg sample of powdered sodium 

peroxide was placed in the sample reservoir and HCl gas was rapidly added to a pressure of 300 

torr with the stopcock open slightly to vacuum.  The rapid addition of the HCl caused some 

sodium peroxide to be swept into the laser beam within the Raman scattering region of the cell 

on the right side of Figure 5.  Intense Mie scattering due to the solid particles and aerosol 

formation illuminated the entire laboratory with laser light.  The IR emission integrated over a 10 

sec period is shown in Figure 6 and a time-correlated but spatially separated series of six 2 

second  Raman accumulations  is depicted in Figure 7.  The wavenumber axis for the Raman 

spectra in this report was calibrated from a fit of the data points (pixel versus cm-1) shown 

 
Figure 4.  Visualization Of Solid Peroxide-HCl Reaction 
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PIXEL 

Figure 6.  IR Emission from 1∆O2 at 1.27 Microns 

 

 

Laser Beam

Gas inlet

To Vacuum
To IR 
OMA 

To Raman
OMA

Na 2O2
Powder

Figure 5.  IR Emission-Raman Cell 

1.27 Microns 

spurious hot  
pixel 
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Figure 7.  Sequential Raman Spectra During HCl-H2O2 Reaction Under Flowing 
Conditions.  (The wavelength axis is aligned with trace 5) 
   

in Figure A-1. A constant intensity feature in all six Raman traces in Figure 7 is due to ground 

state oxygen at 1561 cm-1 which is probably generated within the left portion of the cell and then 

swept into the laser beam and is related to the weak singlet delta oxygen emission in Figure 6.  

However, the intense feature at 1488 cm-1 in Figure 7, trace 5 seems to arise from a sudden 

chemical event within the Raman observation region and corresponds closely to the singlet delta 

oxygen vibrational frequency observed at 1483 cm-1 during calibration (see Appendix 1) .  The 

other features in Figure 7 are currently unassigned but are the subject of ongoing theoretical 

calculation at EAFB.  Additional experiments were performed to aid in identifying the various 

peaks in Figure 7 and to reproduce this result.   The gas phase Raman spectrum from 85% 

hydrogen peroxide is shown in Figure 8.  This spectrum corresponds to 2.8 torr of H2O2/H2O 

with 1.3 torr of air in a flowing system and a 20 second data collection period.  The 1559 cm-1 

peak is ground state oxygen and the peaks at 1394, 1260, and  871 cm-1  are due to hydrogen 

peroxide.    
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Figure 8.  Raman Spectrum Of Gaseous Hydrogen Peroxide In Air 

 

The H2O2  peak at 1394 cm-1 in Figure 8 is 94 cm-1 distant from the 1488 cm-1 feature in Figure 7 

that is assigned to 1∆O2 and this is well beyond the observed 5 cm-1 range of peak position 

variability exhibited over a wide range of experiments. (See Raman spectra in Appendix A.)  A 

flow experiment similar to the one which produced the data in Figure 7 was performed with 

powdered Na2O2 and nitrogen gas in place of HCl and the resulting Raman spectrum appears in 

Figure 9.  The major features at 871, 2038, and 2021 cm-1 do not exactly match peaks in the 

spectrum of Figure 7.  Furthermore, the experiments with hydrogen peroxide or sodium peroxide 

in the absence of HCl did not give rise to the 1791,1765, 1488, and 1188 cm-1 features in Figure 

7.  Several attempts to reproduce the results for the flow experiment in Figure 7 were not 

successful.   Nevertheless, it may be concluded that the intense feature appearing at 1488 cm-1 in 

Figure 7 could not be attributed to H2O2, solid Na2O2 , or  perhaps laser photolysis products of 

those peroxides and singlet delta oxygen is the reasonable assignment at 1488 cm-1.  
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             Figure 9.  Raman Spectrum Of Sodium Peroxide Powder Suspended In Nitrogen 

 

 

5.0  Cl2-Na2O2 REACTION RESULTS SUMMARY 

 

           The Cl2-Na2O2 reaction was also spectroscopically investigated.  1∆O2  emission at 1.27 

microns was readily observed during a 5 second integration (See Figure 10). The reaction took 

place with the cell represented in Figure 5 slightly open to vacuum after  300 torr of chlorine 

were added to ca. 500 mg of powdered sodium peroxide. The Raman spectrum correlated with 

Figure 10 indicates ground state oxygen only (see Figure 11).  Additional experiments indicated 

that unassigned features along the baseline are due to impurities in the chlorine.  A weak Raman 

signature due to 1∆O2 at 1488-1483 cm-1   could be masked under this baseline. 
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Figure 10.  IR Emission from  1∆O2 at 1.27 Microns 

 

 The spectroscopy experiments and the averaged material balance results in the last line of 

Table 1 permit some conclusions about the Cl2-Na2O2 chemistry.   When Na2O2 beads are treated 

with water vapor for the material balance experiments a surface reaction to produce hydrogen 

peroxide  and sodium hydroxide results.  Subsequent addition of Cl2 produces 1∆O2.  This is 

essentially the conventional basic hydrogen peroxide reaction occurring on the bead surface.    

  
Scheme 2: 

NaOONa (s) + 2HOH(g)  H2O2(l)  + 2 NaOH(s)   

2NaOH(s) + H2O2(l)  + Cl2(g)   1∆O2 (g) + 2H2O(g) + 2 NaCl(s) 

 
This reaction is believed to involve the ClOO- ion as an unstable intermediate that decompose 

spontaneously to give 1∆O2 and chloride ion.  In our experiments a possible mechanism is as 

follows: 

 
Scheme 3: 

NaOONa  + HOH  NaOOH + NaOH 

Cl2  + NaOOH  [NaOOCl ] + HCl 

[NaOOCl]  NaCl +  1∆O2    

1.27 microns 
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In powdered Na2O2-Cl2  reactions such as the one responsible for Figures 10 and 11, water was 

not intentionally introduced but Na2O2 was handled in the open air. This  proposed mechanism is 

also speculative. However, some definite conclusions are possible based upon the combined 

chlorine and HCl reactions with sodium peroxide. 

 

 

 
Figure 11.  Raman Spectrum During Cl2-H2O2 Reaction Under Flowing Conditions 

 

 

6.0  CONCLUSIONS 

 

a) The Cl2-Na2O2 system clearly demonstrates that 1∆O2 can be produced (Figure 10) in a 

gas-solid reaction without invoking liquid phase reaction chemistry.  The absence of  

large amounts of hydrogen containing compounds in this system precludes the production 

of either water or hydrogen peroxide as major products. 

b) The HCl-Na2O2 reaction produces ground state oxygen from the thermal decomposition 

of HOOH under excess HCl conditions.  The use of less than stoichiometric amounts of 

HCl would favor the conversion of Na2O2 to solid basic peroxide which could react 

further with co-generated Cl2 to liberate 1∆O2 . 

1559
INTENSITY 
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c) Solid peroxides clearly produce 1∆O2 with both Cl2 and HCl. (Gaseous DCl , HBr, and 

DBr are also effective.)  The degree of quenching experienced by 1∆O2  in a high 

pressure gaseous environment and perhaps on solid reactant/product surfaces has not 

been resolved and the 1∆O2 yield is not well established.  Our results suggest that the 
1∆O2 yield is significant in a total reaction pressure of nearly one atmosphere but the 

quenching is also severe.   

 

Unresolved questions which need to be investigated in order to assess the potential of gas-

solid reactions for 1∆O2 generation for chemical lasers are: 

 

1) What are the identities of the intermediate species leading to 1∆O2 formation in both the 

HCl-Na2O2  and Cl2-Na2O2 reactions and  the associated detailed reaction mechanisms?  

Could unstable solid NaOOH be generated in situ from gaseous HCl and solid Na2O2 powder 

in a fluidized bed and then be reacted with Cl2 gas to give 1∆O2?  The elimination of 

treacherous liquid basic hydrogen peroxide solutions  and liquid phase quenching of 1∆O2 as 

well as superior weight efficiencies would result.  The experiment and the results 

summarized by Figure 7 suggest some validity to these assumptions and additional 

experiments along these lines are recommended. 

 

2) What are the relative quenching effects of finely divided solid peroxide powders, 

alkali/alkaline earth metal halides, and HCl or chlorine on known quantities of 1∆O2 ? 
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APPENDIX A:  Absolute 1∆O2 Measurement 

 

 In Figure A-1, the data used for the calibration of the wavelength axis of the Raman 

detection system are shown.  Three separate known wavelength standards were superimposed to 

make this calibration: an O2/He microwave discharge (1555 and 1483 cm-1), a mercury lamp 

(684.6, 1665.0, and 1728.2 cm-1), and a krypton lamp (1043.9 and 1964.4 cm-1). 

 
Figure A-1.  Calibration Lines For Raman Spectra 

 

These seven data points were used to convert the OMA pixels to corresponding wavenumbers for 

all Raman data in this report. In Figure A-2 the direct IR emission from singlet delta oxygen at 

1.27 microns during the microwave discharge of an O2/He mixture at 8.6 torr total pressure is 

shown for a one second data integration.  The time-correlated Raman spectrum from this same 

discharged mixture is shown in Figure A-3 for a 10 second data integration. An arrow in Figure 

A-3 points to a feature that is nearly buried in the noise at 1483 cm-1 and it corresponds to 1∆O2.  

Forty four consecutive 10 second Raman traces were averaged in Figure A-4 to highlight the 

weak 1∆O2 feature which appears as a shoulder on the ground state oxygen signature.   The 

ground  state  oxygen  spectrum  obtained  with  the  discharge off  was software subtracted from  

O2

Kr Hg

Hg 

Kr
1964 cm-1 

1044 cm-1

685 cm-1

1728,1665 cm-1

1555 cm-1

1483 cm-1

cm-1
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Figure A-2,  IR Emission from  1∆O2 at 1.27 Microns 

 

        
Figure A-3.  Raman Spectrum from He/O2 Microwave Discharge 

1.27 microns

cm-1

1483 cm-1
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Figure A-4 to produce Figure A-5 where the 1∆O2 shoulder at 1483 cm-1 in Figures A-3 and A-4 

is clearly visible. 

 The area of this peak corresponds to a 1∆O2  pressure of 107 millitorr (3.5x1015 

molecules/cc at 25C) and the area of the ground state oxygen peak represents 3.7 torr.  These 

absolute concentrations were obtained from signal intensities on known oxygen pressures and 

known relative Raman cross sections for ground and 1∆ state oxygen.  This 3% yield of 1∆O2 in a 

He/O2 discharge with no special efforts to enhance 1∆O2 production is typical of published 

results.  The 3.5x1015 molecules/cc of 1∆O2 from Figure A-5 corresponds to the integrated IR 

emission signal strength in Figure A-2 of 96,074 counts/sec.  The relationship between the 

concentration of singlet delta oxygen, [1∆O2 ], and the IR emission signal is expressed in 

Equation (A1): 

 

                        [1∆O2 ] x  φe   x  1/t  x   ε  =  IR counts/sec                                         (A1)  

The value of ε is the product of the cell volume, the emission collection probability, and the 

detection probability; t is the time over which the emission occurs, and φe is the quantum yield 

(or probability) of emission.  Equation (A1) highlights the fact that the Raman measurement of a 

1∆O2 concentration must be corrected for the 1∆O2 loss due to nonradiative quenching by the φe 

term to obtain the radiative contribution on the RHS of the equation.  The term φe is τ/τo  which 

is the ratio of the 1∆O2 lifetime at the total experimental pressure to the natural radiative lifetime 

(2700 sec).   The microwave discharge consisted of a mixture of 3.7 torr ( 1.2x1017 molecules/cc) 

O2 , 3.5 x1015 molecules/cc of  1∆O2 (O2 *), and 4.9 torr  (1.6x1017 molecules/cc ) He, the value 

of τ  is given by Equation (A2): 

 

1/ τ =  kQ= kO2 [O2] + kHe[He]+ kO2*[O2*] +1/ τo                                                                              (A2) 
and * denotes the  1∆  state of oxygen 
 
The values of the 1∆O2 bimolecular quenching rate constants, ki, for oxygen (1.5x10-18 

cc/molecule-sec), singlet delta oxygen (2x10-17 cc/molecule-sec), and He (8.0x10-21 cc/molecule-

sec) are published values.  Equation (A2) gives a numerical value for τ of 4.0 seconds. The 

quantum yield of  1∆O2  emission, φe , is τ/τo or 4.0/2700 = 1.5x10-3 . The term t in Equation 
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(A1) refers to the time over which the radiative channel is operative or the observation time, 

whichever is shorter.  In our flowing microwave discharge experiment the IR emission signal 

persists for 2.1 seconds after the microwave power is shut off.  In that time 41% of the emission 

from the 1∆O2 with a 4.0 second lifetime would be observed. (The vacuum pump evacuates the 

cell faster than the excited states relax via emission.)  Substituting for all the terms in Equation 

(A1): 

 

 (3.5x1015 molecules/cc) (1.5x10-3 ) (0.41/ 2.1sec)   ε  =  96,074 counts/sec (A3) 

 

This gives a value for the lumped experimental factor ε of 1.0x10-7 cc-counts/molecule. 

(Following a joint experiment at EAFB, Boeing calculated and reported a very close estimate of 

1.8x10-7 for ε based only upon the experimental optical geometry, the estimated cell volume, and 

vendor specs for the IR OMA detector.)  

 

  
Figure A-4.  Averaged Raman Spectrum from He/O2 Microwave Discharge 

 

cm-1

1483 cm-1
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Figure A-5.  Raman Spectrum Of O2/He Discharge with Ground State Oxygen Subtracted 

 

 The experimentally corroborated value for ε, 1.0x10-7 cc-counts/molecule, permits the 

approximate calculation of the 1∆O2 concentration from a measured IR emission signal in a static 

sodium peroxide-HCl experiment.   

 

                                    [1∆O2 ] x  φe   x   ε  =  Total IR counts (A4) 

                                    [1∆O2 ] =  (Total IR counts) /(1.0x10-7 φe )  (A5) 

 

It is also noteworthy that this agreement between ε values validates the AFRL interpretation and 

application of the Stern-Volmer equation and the principles of pressure dependent emission 

quenching.   

cm-1

1483 cm-1
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APPENDIX B: U.S Patent 6,623,718 B1 
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APPENDIX C:  AFRL Technology Horizons Article 
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               APPENDIX D:  Angewandte Chemie International Edition Article 
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